ABSTRACT: A study of thermoplastic matrix composites has been performed to investigate their use in underwater applications such as oceanography, submarine, and sub-sea offshore structures. This article first presents six candidate materials. Results from simple mechanical and seawater aging screening tests on flat specimens are then described. Glass/epoxy and carbon/epoxy composites are used as reference materials. Two materials emerged from this process, glass/PEI and carbon/PEEK. Cylinders of both were manufactured and subjected to hydrostatic pressure tests, and results are compared to those for glass/epoxy and carbon/epoxy cylinders of similar geometry. The carbon/PEEK material appeared most promising. It resisted pressures in excess of 90 MPa and was retained for damage tolerance assessment studies. Drop weight impact damage zones were smaller in carbon/PEEK than carbon/epoxy for the same impact energies but the loss in residual collapse strength was more rapid in the thermoplastic composite. This was attributed to a change in failure mode, impact damage initiated a local buckling failure.
INTRODUCTION T
HERMOPLASTIC COMPOSITES HAVE been available for many years. Several textbooks describe the development of these materials, which may offer significant advantages over traditional thermoset matrix composites [1] [2] [3] . These include superior toughness, repairability, and the potential to produce very large structures without the out-time and curing problems associated with epoxy resins. After many years of evaluation these materials are now finding their first applications in civil aircraft. Some developments have also been reported for underwater applications.
These have generally been for military applications, so few published details are available, but a special issue of this journal presented results from a US Navy study financed by what was then DARPA (Defense Advanced Research Projects Agency). That study concentrated on tape placement and several carbon reinforced thermoplastics were examined including PPS, PEI, PEEK, and PEKK, and a number of cylinders were tested [4] [5] [6] . Further details of the thermoplastic composite tape placement technique were presented recently [7] .
Most previous work has focused on carbon fiber reinforced thermoplastics, but for many less weight critical underwater applications, glass reinforced composites are also attractive.
The use of composites at sea requires a thorough understanding of seawater aging mechanisms. Many studies have focused on this aspect and several thermoplastic composites have been evaluated (e.g. [8] [9] [10] [11] ). Thermoplastic composites can offer excellent long-term durability, but this is not necessarily the case and cannot be predicted theoretically, therefore tests are essential. An important additional requirement for deep sea applications, where high hydrostatic pressures are present, is the ability to resist biaxial compression. The pressure which acts on an immersed structure depends on the depth according to the expression [12] :
where P is the pressure (MPa); H, the immersion depth (m); C 1 is equal to 0.01 MPa/m; and C 2 equal to 0.05 Â 10 À6 MPa/m 2 . Two failure modes can operate; for thin wall structures buckling may be critical, whereas for thicker wall dimensions a material compression failure may intervene. The transition between these two modes can be estimated theoretically using buckling analysis and thick laminate analysis with an appropriate material failure criterion. Gruber et al. [6] have performed such analyses and suggest that buckling failure will occur for a thickness to radius ratio below 0.095 for S2 glass/PEKK and below 0.1 for carbon/PEKK. The uncertainty in many of the input data for such calculations results in difficulty in defining this transition geometry exactly and there is also considerable controversy surrounding the appropriate criterion to use in the compression-compression sector of the axial stress/hoop stress failure envelope. Soden et al. presented experimental data for glass/epoxy cylinders and discussed some of the difficulties in predicting the failure of such structures [13] . It appears that the most reliable way to evaluate composite cylinders today is to run hydrostatic pressure tests, but these are expensive and require specialized equipment.
Thermoplastic composites are not necessarily well suited to resist compression loading. Much early work for aeronautical applications was aimed at understanding why low values were obtained in tests on unidirectionally reinforced thermoplastic composites [14, 15] . Fiber waviness, porosity, and internal stresses have all been shown to be important. However, in the DARPA project, waviness and porosity were both carefully monitored and it was demonstrated that excellent compression performance could be achieved [6, 16] .
The present work was initiated in order to establish whether thermoplastics offered significant advantages over the filament wound glass/epoxy materials currently employed for deep sea oceanographic containers. These are small cylinders used to protect instrumentation or electronic equipment deployed in the ocean to measure physical parameters of the deep sea environment. Figure 1 shows two examples. The reference material for evaluation of the thermoplastics is therefore an E-glass reinforced 125 C cure epoxy system.
There are many other underwater applications where the low weight and good corrosion resistance of composites are attractive. These include underwater vehicles; the AUSS [17] and AUTOSUB [18] projects are examples where composites were employed for the main hull structure, and composites are also used on secondary structures of other deep sea submersibles, such as the IFREMER manned 6000 m depth submersible Nautile. There are many composite components on military submarines including sonar domes and outer decks [19, 20] . The offshore industry has also developed a number of large composite structures, such as risers [21, 22] . These are currently being tested in sea trials and could result in the use of very significant quantities of composites. Sub-sea equipment may provide further opportunities in this sector [23] . So far all of these applications are based on thermoset matrix composites, mainly epoxies. The present work may also be useful in evaluating the potential of thermoplastic composites to replace these, though the larger scale of such structures will introduce additional manufacturing parameters.
In this article, results from preliminary screening tests on six candidate thermoplastic composite materials will be given first. Based on these results glass/PEI and carbon/PEEK materials were selected for further evaluation. Cylindrical structures were manufactured and subjected to implosion tests. Finally impact behavior and residual implosion resistance after impact of the carbon/PEEK cylinders are presented and compared with results for carbon/epoxy of similar geometry.
SCREENING TESTS

Materials
There are many combinations of fibers and thermoplastic matrix materials on the market, with a range of properties and prices. A first selection of promising materials was made and Table 1 shows the materials tested, but it should be emphasized that this list is certainly not exhaustive. The samples which were available for initial evaluation were in the form of flat, mostly unidirectionally reinforced panels, of dimensions 200 Â 300 mm 2 . It was recognized that tests on such specimens could only be used to give a first indication of the suitability of the material for marine applications. This enabled material limitations to be identified at an early stage, but it is appreciated that the manufacture of structures could introduce many other factors (waviness, porosity, etc.), which could dominate the final selection. Unfortunately hydrostatic pressure tests were too costly and time consuming for the present project to allow the final evaluation of more than two different materials.
The glass and carbon/epoxy reference materials were produced by wet winding unidirectional layers and compression molding in a press followed by oven curing. The glass/polypropylene (PP) and carbon/PEEK were compression molded from prepreg. Results for these materials were obtained in two previous studies [24, 25] .
The polyamide (PA), polyetherimide (PEI), and poly(phenylene sulfide) (PPS) composites were prepared by powder impregnation of strips followed by compression molding in a hot press.
Screening Tests on Flat Specimens
Each material was first analyzed to determine fiber volume fraction (by calcination for glass, density, or acid digestion for carbon composites), and glass transition temperature (TA Instruments DMA 2980, in three point flexure on 10 Â 60 mm 2 specimens, 1 Hz loading frequency, heating rate 5 C/min). Two simple standard mechanical tests were retained for screening purposes, three point flexure (span to thickness ratio l/h of 16 for glass and 40 for carbon composites), to examine whether compression failure occurred, and short beam shear (l/h of 5), to measure apparent interlaminar shear behavior. These tests were performed dry and after periods of wet aging. Given the small quantities of material available, only two or three specimens were tested in flexure and five in short beam shear. Table 1 shows the mean results from the tests on non-aged specimens. The flexural modulus values are consistent with the fiber contents. Flexural strengths are around 1000 MPa for all the materials except the PP, which had a low fiber volume fraction. The PA and PEI fail in compression, the PPS composites fail by delamination. Interlaminar shear strength is often used as a quality control test. The values for the PEI composites are very high. The PA tends to show crushing failure rather than delamination, while the PPS composites delaminate very easily. Based on these values the glass/PEI composite appears very promising compared to the glass/epoxy currently used.
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Wet Aging
Wet aging tests on glass/PP in water at 50 C were reported previously [24] and it was shown that the microstructure depended on the cooling rate during manufacture and this strongly influenced weight gain during aging. A two year aging of XAS carbon reinforced PEEK at various temperatures up to 60 C in distilled water [25] showed no significant evolution of the properties of this material.
Specimens of PA, PEI, and PPS composites were cut to size for flexure and ILSS tests, dried in an oven at 50 C and then placed in a water bath containing natural sea water at 60 C. Square 50 Â 50 mm 2 samples were also immersed and weighed regularly on a Sartorius balance. Weight gains were recorded and specimens were removed for testing after different immersion periods.
The use of narrow specimens rather than large plates may influence the weight gains, but the comparison of weight gains for different specimen widths does not show a large effect here, Figure 2 C. The PEI and the carbon/PA saturate at low weight gain values, while the glass/PA and PPS composite samples continue to increase in weight after 3 months' immersion. Figure 3 shows the flexural strength results from these tests. All the strength values tend to decrease with aging. Significant decreases are measured for the PA and PPS composites, while the PEI strength loss is less than 10% after an immersion of 3 months. Figure 4 shows the interlaminar shear strengths obtained after aging. Again the PEI composites show less sensitivity to water immersion than the PA and PPS composites.
These tests revealed that prolonged exposure to water may affect the polyamide matrix properties, albeit in a reversible way. It is also apparent that this glass/PPS composite system is very sensitive to water, in this case the fiber/matrix interface is clearly not optimized for this application and degrades irreversibly. Pomie`s found similar results for another glass/PPS composite immersed in sea water for 7 months at 35 C [9] , while Juska found better strength retention in carbon/PPS composites after 9 months at 50 C [10] . The glass/PEI system tested here showed no sensitivity to water. For comparison, there have been several previous studies of the aging of the glass/epoxy composite [26, 27] . The anhydride hardener employed leads to a resin which is susceptible to hydrolysis in water at 60 C but at lower temperatures it shows good durability.
The results from screening tests such as these must be treated with caution for several reasons. First, the materials and processing routes employed for the preliminary screening tests may not be exactly those that will be used to produce structural parts. It would certainly be preferable to test cylinders directly, but these were not available at the start of the test programme. Second, the tests are quite severe, full immersion of thin specimens at 60 C does not simulate the response of a thick composite exposed to water in deep sea at less than 10 C on one side only. Thirdly the numbers of specimens tested are quite small. Nevertheless, based on the results, two materials were selected for further evaluation, glass/PEI and carbon/PEEK. The samples of tubes were therefore produced.
TESTS ON CYLINDERS Materials
Cylinders of both materials, glass/PEI and carbon/PEEK, were produced by tape laying. The first layer on the mandrel is at 90 , all subsequent layers are at AE55 with respect to the tube axis. This angle is not optimal for external pressure resistance, 0/90 2 should perform better, but the AE55 sequence is widely available and allowed a direct comparison with the glass and carbon/epoxy tubes currently used. The manufacturing process involves local heating and compaction using a special gas heater [28] . The reinforcements of the PEI were S2 glass fibers, and cylinders were of inner diameter 175 mm and wall thickness 20 mm. The fiber content was nominally 57% by volume. AS4 carbon fibers were used to reinforce the PEEK cylinders, which were smaller than the glass/PEI, 55 mm inner diameter and 6.5 mm thick. Fiber content was nominally 61% by volume.
Two thermoset matrix reinforced composite cylinders of similar geometry to the thermoplastics and the same fiber orientation were used for comparison, produced by wet winding. These are E-glass and T700 carbon reinforced epoxy LY556/HY905 resin. Both were cured at 125 C, fiber contents are 62 and 66% by volume.
Quality Control Tests on Cylinders
All the cylinders tested in this study were controlled on reception by ultrasonic C-scan in the transmission mode, using 2 and 5 MHz focused transducers. A Sofratest ultrasonic inspection system was used to measure through-thickness attenuation, by placing the cylinders on a rotating table in a water tank. This enabled a problem with the PEI cylinders to be identified rapidly, as the ultrasonic signal was completely attenuated. For similar glass/epoxy cylinders, attenuation was below 15 dB.
The attenuation level used for accepting the carbon reinforced cylinders was the same as that employed in previous studies for carbon/epoxy tubes, namely a 25 dB attenuation. The value of this criterion is based on experience and it cannot be used alone to define tube quality. Olson et al. have shown that while high attenuation levels can be related to high porosity in thermoplastic composite cylinders, there is no simple relationship between decibel loss and porosity level below 2% [16] . Examples of C-scans for Thermoplastic Composite Cylinders for Underwater Applications carbon/PEEK and carbon/epoxy cylinders are shown in Figure 5 . The attenuation levels were similar for both. A simple mechanical test was then employed to evaluate the mechanical performance. This was intended to provide quality control information, so that future material systems may be evaluated rapidly before proceeding to costly implosion tests in pressure vessels. They are performed on ring segments, as shown in Figure 6 . This test, described in ASTM 2344-1984, yields an apparent interlaminar shear strength. Figure 6 shows the results for both materials, together with results from tests on the glass and carbon reinforced epoxy samples from cylinders of similar diameters.
The results from these tests suggested that the fabrication of the glass/PEI tubes was not optimized. A large quantity of small defects throughout the wall thickness were noted (Figure 7 ). 1 mm Figure 7 . Defects in glass/PEI cylinder wall. Photo width corresponds to 2.4 mm.
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The results for the carbon/PEEK specimen are similar to those of the carbon/epoxy system, suggesting a reasonable fabrication quality. Sections through the carbon/PEEK tube wall indicated low void content and little fiber waviness (Figure 8 ).
Hydrostatic Pressure Tests
Implosion tests were performed at the IFREMER pressure test facility in Brest in a 2400 bar pressure vessel ( Figure 9 ).
All specimen lengths were twice the inner diameters. The glass reinforced cylinders were 350 mm long, carbon fiber cylinders were 110 mm long. Cylinder ends were machined to ensure they were parallel. The end closures are critical in these tests on thick cylinders as stress concentrations can provoke premature collapse [29, 30] . Aluminium end closures were used to close the large diameter cylinders [31] . These have contoured plugs to provide a progressive contact with the inner wall as pressure is increased. Figure 10(a) shows the glass/PEI specimen before implosion. Machined aluminium end caps were bonded to the small diameter cylinder ends, Figure 10 (b), these were designed to avoid fiber brooming, and these cylinders were placed between rigid end blocks. Previous tests on small and large diameter carbon/epoxy cylinders have yielded similar results using the two end closure systems [32] . Cylinders were partially filled with oil to reduce the shock wave at implosion. The pressure was increased at a ramp rate of 12 bars/min until failure. In order to compare results from cylinders with slightly different measured wall thickness, a nominal hoop stress at implosion is also used. This is calculated as: 
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with P the pressure in MPa, r the mean radius, and t the wall thickness.
For the large diameter glass reinforced cylinders 18 biaxial hoop/axial strain gages were placed inside the cylinder. Twelve were placed around the midsection in order to determine whether buckling occurred, the others were placed along the tube and near the ends to check for stress concentrations. Some examples can be seen in Figure 10 limited space available makes it more difficult to bond strain gages. However in one epoxy and one PEEK cylinder two hoop strain gages were bonded at mid-height, separated by 90 . Table 2 shows the cylinders tested and the results.
Implosion Results for Glass Reinforced Composite Cylinders
The reference glass/epoxy cylinders, 175 mm diameter, imploded at pressures around 900 bars (90 MPa). The glass/PEI cylinder imploded at a much lower pressure, around 400 bars (40 MPa). Figure 11 shows examples of strain measurements at the inner wall during pressure loading for the two cylinders. The hoop strains at the tube end are very similar to those measured in the center while axial strains tend to be lower near the end caps. Strains in the glass/epoxy cylinder reach 1.5% before failure, whereas the glass/PEI fails at much lower mid-section strains. There is also considerable scatter in the strains measured on the latter. Figure 12 shows all the central hoop strain recordings at different pressures.
The lower failure of the glass/PEI compared to the glass/epoxy appears to be caused by a local buckling failure mode. There is no evidence of global buckling for either of the cylinders. Figure 13 shows cylinders after implosion. There is a small region of the glass/PEI tube which has imploded. This is quite different to the more global crushing failure mode observed for thick glass/epoxy cylinders.
The reason for the poor performance of this thermoplastic composite material appears to be the presence of the defects shown in Figure 7 . Given the excellent performance of this material in screening tests, further work is needed to optimize the manufacture of cylindrical structures, in order to realize its full potential. For the glass/epoxy, no sign of buckling was detected by strain gages. The failure values obtained are slightly lower than those published by Hinton for a similar material [13] , but the geometry is not identical as those authors tested smaller cylinders. Tests on 55 mm diameter glass cylinders resulted in higher values, up to 1340 bars (134 MPa). 
Implosion Results for Carbon Reinforced Composite Cylinders
Two undamaged 55 mm diameter cylinders were imploded for each material. Failure pressures of 105 and 117.5 MPa for the C/epoxy and 89 and 94 MPa for the C/PEEK were measured. The cylinders after testing are shown in Figure 14 . 
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In both cases, the cylinders imploded completely with no sign of a buckling failure. The two strain gages placed at 90 on the inner wall of the tubes indicated very similar values and linear readings up to failure ( Figure 15 ).
These results show that the compression resistance of the carbon/PEEK composite in the configuration tested here is sufficient to envisage its use at depths down to 6000 m (with a safety factor of 1.5). This is very encouraging, but if a clear advantage over the carbon/epoxy option is to be demonstrated, then the damage tolerance behavior must also be studied. The glass/PEI cylinders were not studied further here but an impact study was performed on the carbon/PEEK cylinders.
DAMAGE TOLERANCE OF CYLINDERS Impact Resistance
Carbon/PEEK and carbon/epoxy cylinders were placed in a cradle and subjected to a single central impact by a weight of 1.6 kg with a 50-mm diameter hemispherical steel end. The impacter is guided by a slider running down a rail. Three drop heights were used, 0.5, 1, and 1.5 m, as preliminary tests had shown that these produced significant levels of damage. A springreleased clamp activated by an electromagnet was used to catch the impacter to avoid rebound impacts. Impact energy was determined as 1 2 mv 2 , with m the mass and v the speed. The latter was measured by two photocells just before impact, rather than using potential energy (mgh), as there is a small loss in energy (around 10%) due to friction between the slider and the rail. Figure 16 shows the impact set-up.
Each cylinder was C-scanned before impact. After impact the damage introduced was identified by two methods, first ultrasonic C-scan and then sectioning. A focalized 2 MHz transducer was used. This enabled clear damage regions to be defined (Figure 17) , and the areas of these are plotted in Figure 18 .
It is apparent that these energy levels result in much smaller projected damage areas in the thermoplastic composite than in the carbon/epoxy cylinders. Similar results have been reported previously [33, 34] . Cylinders impacted at each energy level were then sectioned in the axial and circumferential directions and polished. A fluorescent dye was allowed to soak into the surface for 4 h before re-polishing the surface. This enabled the impact damage to be visualized under an ultraviolet lamp. Figure 19 shows examples of the damage detected. The carbon/epoxy delaminates at all the interfaces between covers (a cover is a AE55 layer) and a very clear
Tower Cradle
Anti-rebound device damage zone can be identified in the hoop direction. In the axial direction there is also delamination but with more intraply cracking. The damage in the thermoplastic composite is less easy to visualize, but there are some delaminations and small cracks. 
Residual Implosion Pressure after Impact
After impact three carbon/epoxy and three carbon/PEEK cylinders were subjected to hydrostatic pressure tests in order to determine their residual implosion pressure. Figure 20 shows the results from these tests.
It is surprising to note that in spite of the excellent intrinsic toughness of the carbon/PEEK system [33, 35] , there is a stronger drop-off in implosion pressure after impact for the thermoplastic composite than for the carbon/ epoxy. Examination of the C/PEEK cylinders after implosion indicated that premature buckling had been initiated by the impact damaged regions (Figure 21 ). This is quite different to the crushing mode seen in Figure 14 , whereas the crushing failure mode of the epoxy cylinder remained unchanged after impact.
This comparison with the results for the epoxy composite is not straightforward, as there are several differences between the two sets of cylinders. First, the fibers are not identical, the T700 fiber in the epoxy has a higher tensile strain to failure than the AS4 fiber. In addition, the fiber contents are not identical and the epoxy cylinders are stiffer in the hoop direction than the thermoplastic composite cylinders. This hoop stiffness is critical for buckling and a direct comparison using the same fibers and fiber volume fraction would certainly be preferable, but such materials were not available for this study. Finally, it should be pointed out that the two fabrication methods also result in a significant difference in the fiber architecture obtained. The tape placement method results in low fiber waviness, while the wet winding produces a woven structure within each AE55 cover and potentially damaging cross-over points. The residual stress state will also be affected by the fabrication parameters, which were not studied here. Nevertheless the comparison presented here is of interest as Thermoplastic Composite Cylinders for Underwater Applications these are two commercially available cylinders with the same geometry intended for the same underwater application.
These results raise a number of questions concerning the transfer of toughness from materials to structures. Correlations have been made in the past between mode II fracture toughness G IIc and impact damage in cylinders, e.g. [36] , and between G IIc and residual compression strength after impact of flat panels [37] , but there are many factors which can influence this correlation. Efforts have been made recently to use specimens cut from cylinders to measure G IIc in order to reduce the influence of fabrication parameters. This may clarify the toughness transfer, but it requires films to be implanted during fabrication [38] . Further work is needed to explain the implosion after impact behavior observed here.
CONCLUSIONS
This article presents results from a series of tests performed on thermoplastic matrix composites, in order to select materials for more extensive testing for underwater applications. Results from screening tests to determine mechanical properties and sensitivity to water suggested that glass/PEI and carbon/PEEK composites are the most promising materials for further study. Cylinders were therefore manufactured in these two materials. Quality control tests on specimens cut from these cylinders indicate that the properties of the former may not achieve those predicted from flat specimens and implosion occurred at a much lower hydrostatic pressure than the glass/epoxy reference material. The carbon/PEEK cylinder imploded at a pressure above 90 MPa and appears more promising for these applications. However, its residual implosion resistance after impact decreased more quickly than that of a carbon/epoxy cylinder of equivalent geometry, suggesting further work is needed to ensure the transfer of a b Figure 21 . Examples of impacted cylinders after implosion: (a) carbon/PEEK and (b) carbon/ epoxy.
material toughness into structural damage tolerance. Further work is now underway to examine the influence of winding angle, in particular 0/90 2 rather than AE55 , in order to optimize cylinder performance.
